Abstract The Scheldt estuary (Belgium/The Netherlands) was sampled along the entire salinity gradient from 2003 to 2005 for silicic acid (DSi), biogenic silica (BSi), suspended particulate matter (SPM) and pigments. Net DSi consumption and/or release within the estuary were investigated by comparing measured DSi concentrations with (fully-transient) model simulations of the concentrations that would have been obtained in case of conservative transport. The DSi consumption was at maximum in May due to diatoms of presumably marine origin blooming in the lower estuary. DSi consumption decreased rapidly in July, probably because of the grazing pressure of copepods also of marine origin, and DSi was released from late summer onwards. Multiple regression analyses showed that most of the BSi did not follow the dynamics of the living diatoms but rather that of the SPM. They also suggested that diatoms were more silicified in the upper estuary than in the lower estuary. Phytoliths were not expected to contribute significantly to the BSi pool. As BSi dynamics strongly differed from those of diatoms and DSi, this study highlighted the importance of taking BSi into account when investigating estuarine silica dynamics. This study also revealed the fundamental role of the coupling between the biogeochemical and ecological functioning of the lower estuary and that of the adjacent coastal zone. This contrasts with the classical consideration that estuaries act as one-way filters for dissolved and particulate material of riverine origin.
Introduction
Silicic acid (DSi) is a key element for the marine ecosystem as it is a specific and necessary nutrient for diatoms, that build up frustules made of amorphous hydrated particulate silica (''biogenic silica'', BSi) Ragueneau et al. 2000) . Diatoms are important constituents of the phytoplankton community and of the aquatic ecosystem. They support an efficient aquatic food chain (Ragueneau et al. 2006 ) and may play an important role in the export of CO 2 to the deep-ocean (Tréguer and Pondaven 2000; Ragueneau et al. 2000) . However, the presence and/or the dominance of these species are driven by the availability and the relative abundance of DSi compared to other nutrients (Ragueneau et al. 2006) .
The main source of DSi to the marine environment is through riverine discharge of DSi originating from the weathering of silicate minerals on land (Tréguer et al. 1995) and from the terrestrial silica cycle (Derry et al. 2005) . However, DSi may not behave conservatively in the aquatic environment before it reaches the coastal zone (Conley et al. 1993; Chou and Wollast 2006) . It may be affected by river damming and regulation (Humborg et al. 2006 ). Riverine and estuarine spring and/or summer diatom blooms can result in significant decreases in DSi concentrations and concomitant increases in those of BSi (Admiraal et al. 1990; Conley 1997) . Phytoliths (BSi particles produced by higher plants) originating from top soil erosion (Cary et al. 2005) and from the vegetation of the river banks can also contribute significantly to the BSi pool carried by rivers (Cary et al. 2005) . Riverine and estuarine silica may also be affected by the exchange and/or the retention of DSi and BSi in the adjacent marshes . Finally, BSi which can account for 50-70 % of the total riverine silica load, can be transported downstream as suspended material, can settle and accumulate in the sediments, inducing retention of silica in the ecosystem (Admiraal et al. 1990) , and/or can be dissolved at biological timescales, at rates depending on the salinity and on the bacterial activity Loucaides et al. 2008) .
As interface between the freshwater and marine waters, estuaries are diverse key ecosystems in the land to ocean continuum. They differ from the adjacent rivers and coastal zones, and are characterized by steep, coupled geophysical, hydrodynamic, geochemical and biological gradients (McLusky 1993; Elliot and McLusky 2002; Chen et al. 2005) . In particular, tides and salinity gradient induce a transport of suspended particulate matter (SPM) strongly uncoupled to that of the water. This could result in an accumulation of SPM leading to a turbidity maximum in the regions of low salinities (particularly in macrotidal estuaries with long residence times) (Uncles et al. 2002; Chen et al. 2005) . Compared to the upstream reaches, a high phytoplankton biomass may nevertheless be sustained in the estuary due to a continuous nutrient supply by rivers and lateral sources (Arndt et al. 2011) , and due to higher water residence times. As a result, nutrient may undergo significant alterations along the salinity gradient, being transformed, consumed or released (Soetaert et al. 2006) . There is generally a net DSi consumption in estuaries (Chou and Wollast 2006) . Tréguer et al. (1995) estimated a global average estuarine DSi consumption of 15 %, but large variations can be observed from one estuary to another, with behaviors ranging from conservative transport to almost complete DSi retention (DeMaster 1981; Roubeix 2007) . However, despite the important riverine BSi concentrations and the link between its dynamics and that of DSi, BSi dynamics in estuaries have barely been investigated. In particular, due to diatom mortality, resuspension of frustules of dead diatom, the possible presence of phytoliths and accumulation of SPM in estuaries, the distribution and the dynamics of BSi may be different from those of diatoms.
In the present study, we focus on silica dynamics in the Scheldt estuary. Silica biogeochemistry, dynamics and fluxes in the continuum of the Scheldt are of primary importance in the adjacent Belgian coastal zone. The availability of DSi governs the extent of the spring diatom bloom, while the excess of dissolved inorganic nitrogen stimulates a subsequent massive development of flagellates (Phaeocystis sp.) which alters both the food web and the environment (Lancelot 1995) .
The silica and diatom dynamics in the freshwater tidal reaches of the Scheldt tidal system have recently been studied in details Van Damme et al. 2005; Arndt et al. 2007; Carbonnel et al. 2009 ) but, even if the estuarine DSi retention can be significant (Soetaert et al. 2006) , much less attention has been given to silica dynamics in the Scheldt estuary. DSi dynamics in the Scheldt estuary have first been studied in the late 1960s and early 1970s (Wollast and De Broeu 1971; Beckers and Wollast 1976; Wollast 1978) , but the picture has changed with the improvement of the ecological status of the Scheldt (Soetaert et al. 2006 ). Recently, model simulations provided insight into DSi fluxes and retention as well as into the importance of different processes affecting silica dynamics in the Scheldt estuary (Arndt et al. 2009 (Arndt et al. , 2011 . In particular, these studies highlighted the important role of the import of diatoms from the coastal zone and the minor significance of the BSi dissolution. However, BSi concentrations have yet never been measured in the Scheldt estuary, and its importance and its dynamics have thus not yet been assessed.
In this study, we present profiles of DSi, BSi, SPM and chlorophyll a (Chla) versus salinity observed in the Scheldt estuary from 2003 to 2005 . Seasonal patterns and net fluxes of uptake (and/or release) of DSi within the Scheldt estuary are estimated by comparing measured results with those obtained by model simulations of the conservative transport of DSi. Temporal and longitudinal dynamics of DSi, BSi and Chla are investigated. In addition, BSi concentrations are compared with those of Chla and SPM to estimate the fraction of BSi associated with living diatoms.
Materials and methods

Study area
The 355 km long Scheldt river and its tributaries drain about 22,000 km 2 in Northern France, Belgium and Netherlands before discharging into the North Sea (Fig. 1) . The Scheldt estuary (Belgium/The Netherlands) may be characterized as funnel shaped, macrotidal, vertically well-mixed, turbid and eutrophic (Baeyens et al. 1998; Meire et al. 2005; Van Damme et al. 2005; Soetaert et al. 2006) . The Belgian part of the estuary consists of a single well-defined channel, but the morphology of the Dutch part is a complex network of ebb/flood channels delimiting large sandflats and bordered by extensive intertidal mudflats and marshes (Van Maldegem et al. 1993 accounts for about one-third of the total surface of the estuary . The residence time of the freshwater in the estuary has been estimated to be about 50 days in winter and 70 days in summer (Soetaert and Herman 1995) . The freshwater water discharge exhibits strong seasonal and inter-annual variations related to the precipitation pattern (Table 1 ; Meire et al. 2005; Soetaert et al. 2006) . During a tidal cycle, however, it is about three orders of magnitude lower than the water exchange at the mouth of the estuary (Arndt et al. 2007 ). The salinity gradient depends on the tidal oscillations, the freshwater discharge and the wind regime (Arndt et al. 2011 ), but it generally displays a gradual increase from roughly 0.5 at the confluence with the Rupel (Rupelmonde, km 94, i.e., 94 km from the mouth of the estuary at Vlissingen) to 30 at the mouth of the estuary. The tidal influence nevertheless propagates further upstream than the seawater intrusion (Baeyens et al. 1998 ). The silica dynamics in these freshwater tidal reaches (called hereafter the ''tidal river'') were the subject of an earlier publication ).
The dynamics of the SPM in the Scheldt estuary is characterized by the presence of a turbidity maximum in the upper estuary, with concentrations reaching several hundreds of milligrams per liter (Chen et al. 2005) and by a net import of SPM from the coastal zone at the mouth of the estuary (Van Maldegem et al. 1993) . The SPM along the estuary consists then of a gradual mixture of freshwater and marine particles (Verlaan et al. 1998) . The SPM displays nevertheless a high longitudinal and temporal short-and long-term variability (Fettweis et al. 1998; Chen et al. 2005) .
Nitrogen and phosphorous are never limiting for phytoplankton growth Soetaert et al. 2006; Van der Zee et al. 2007) . The phytoplankton community is dominated by diatoms (Rijstenbil et al. 1993; Dijkman and Kromkamp 2006b; Muylaert et al. 2009 ). The diatom community consists almost exclusively of Cyclotella meneghiniana and/or Actinocyclus normanii in the upper estuary, but it is composed of several other species from autochthonous and marine origins downstream the zone of maximum turbidity. Chlorophytes and euglenophytes species may nevertheless be important in the zone of maximum turbidity. Phaeocystis sp., which bloom in the adjacent coastal zone in April and May (Lancelot 1995) , may also be transported into the Scheldt estuary (Brochard et al. 2005; Dijkman and Kromkamp 2006a) .
Sampling
Surface water samples were taken (using Niskin bottles) in the Scheldt estuary and the coastal zone during 11 campaigns on board of the RV Belgica from 2003 to 2005. In the estuary, from 10 to 20 water samples were taken per campaign along the navigation channel over the entire salinity gradient (from Rupelmonde to the mouth of the estuary, Fig. 1 ). Some locations were fixed while others were chosen depending on the salinity, but no differences are hereafter made between the two types of sampling stations. The coastal zone was sampled at five fixed locations (Fig. 1) . The sampling was performed irrespective to the tide phase. Our study period (2003) (2004) (2005) could be considered as representative for years with low water discharges, especially for the period between May and October (Table 1) .
Chemical analyses and calculations
Determination of the SPM, DSi and BSi concentrations
Water samples (from 30 to 500 mL, depending on the turbidity) were vacuum filtered on a pre-weighed polycarbonate filter (Whatman Nuclepore, Ø 47 mm, 0.4 lm pore size). The SPM collected on the filter was rinsed with Milli-Q water and dried overnight in an oven at 50°C. SPM was determined by weight difference and the filter was kept for BSi analysis. HCl per 50 mL of sample) and kept in the dark at 4°C until analysis of DSi.
DSi concentrations were measured manually following the colorimetric method of Koroleff (1983) . The salinity effect was taken into account by performing calibrations in artificial solutions of different BSi concentrations were estimated following the method of Carbonnel et al. (2009) . This method has been successfully applied previously on natural samples containing high amounts of lithogenic silica, as well as on mixtures of BSi and lithogenic silica and on pure phases (Carbonnel 2009; Carbonnel et al. 2009 ). As for the tidal river ), the application of this method on our estuarine samples was supported by the correlation coefficients r 2 obtained from the multiple regressions performed for each of the 195 BSi measurements presented in this study: 86 % were higher than 0.999, and 97 % were higher than 0.995. BSi content of SPM was expressed as the mass content of hydrated silica SiO 2 ÁnH 2 O, assuming n = 1/3, a value close to the measurement of Kamatani and Oku (2000) .
Determination of the particulate organic carbon (POC) concentrations
A known volume of water (from 100 to 500 mL, depending on the turbidity) was vacuum filtered on a precombusted (4 h, 500°C) Whatman GF/F filter (Ø 47 mm, 0.7 lm pore size). The filter was kept frozen until analysis. POC concentrations were measured using a Fisons NA-1500 elemental analyzer after carbonate removal from the filters by overnight exposure to strong acid fumes. Certified reference stream sediment (STSD-2) from the Geological Survey of Canada was used for the calibration.
Determination of the Chla concentrations and of the contributions of the different algal groups
A known volume of water (from 20 to 200 mL, depending on the turbidity) was vacuum filtered on a Whatman GF/F filter (Ø 25 mm, 0.7 lm porosity) for the measurement of Chla and marker pigments. The filter was kept frozen at -80°C until analysis. Pigments concentrations were measured by HPLC (High Performance Liquid Chromatography) following Wright and Jeffrey (1997) . The CHEMTAX software (Mackey et al. 1996) was used to assess the contribution of different algal groups to the total Chla using ratios of marker pigments (specific for algal groups) to Chla. No samples were taken in February 2004.
As diatom communities are different in the upper and lower estuary and in the coastal zone (see above), the estuarine and marine pigment datasets were divided into three overlapping groups corresponding respectively to salinities 0-13, 7-30 and 24-35, for which independent CHEMTAX analyses were performed using different matrices ( Table 2 ). The contribution of the different algal groups to the total Chla in the overlapping salinity ranges 7-13 and 24-30 were similar when calculated using the two matrices, but they were nonetheless estimated by linear interpolation versus the salinity in these overlapping ranges.
The input matrices set in CHEMTAX were adapted from those of Lionard et al. (2008a) and Muylaert et al. (2006) . They are reported in Table 2 , together with the output ones provided by CHEMTAX. The fact that the output matrices did not vary much from the input ones supported our choices for the input matrices. The Chla concentrations associated with diatoms (DiatChla, precisely in lg equ. Chla L -1 but hereafter simply reported in lg L -1 ) were estimated using fucoxanthin, diatoxanthin and diadinoxanthin as marker pigments (Table 2 ). The contribution of diatoms to phytoplankton biomass was taken as the ratio between DiatChla and Chla concentrations.
Distinction between fractions of BSi associated or not with living diatoms
As for the Scheldt tidal river ), the BSi associated with living diatoms and that constituted of detrital particles (respectively BSi liv and BSi det ) were discriminated by performing multiple regression analysis, using DiatChla and the SPM not corresponding to BSi nor to the living diatom biomass (SPM nbld ) as explicative variables. SPM nbld was calculated as:
with DiatChla and SPM expressed in mg L -1 and BSi in mmol L -1 , the molar mass of BSi (as hydrated SiO 2 ) (M BSi ) set as 66 g mol -1 , and the mass ratios of Table 2 Input/output pigment ratio matrices in the CHEMTAX analyses for the three estuarine groups Peridinin POC to Chla (b POC=Chla ) and of organic matter to POC (b OM=POC ) assumed to be 30 and 2.5, respectively, as in Carbonnel et al. (2009) . However, in contrast to Carbonnel et al. (2009) , the multiple regression applied to the estuarine dataset was non-linear (see ''Results'' section):
with the coefficients k 1 , k 0 2 and c fitted to obtain the best correlation between measured BSi concentrations and those estimated by the multiple regression (BŜi) using an iterative procedure (with c initially set to 1): k 1 was obtained through a linear multiple regression between BSi and the variables DiatChla and SPM nbld ð Þ c , and a new estimate for c was obtained using a powerrelationship regression between BSi À k 1 Á DiatChla ð Þ and SPM nbld . The linear multiple regression and the power-relationship regression were respectively performed following Dagnelie (2006) and using PRISM 5.02. The value of c converged and varied by less than 2 9 10 -5 % before ten iterations. BSi liv was calculated as the product of DiatChla and k 1 (called hereafter BSi liv /DiatChla), and BSi det as the difference between BSi and BSi liv .
Different diatom communities (with potentially different BSi contents) were observed along the salinity gradient in the Scheldt estuary (see above). Therefore, as for the CHEMTAX analyses, the multiple regression analyses were applied to the two overlapping subdatasets of the estuarine data, corresponding to salinity ranges 0-13 and 7-30. The BSi liv concentrations in the overlapping salinity range 7-13 were calculated by linear interpolation versus the salinity.
Estimation of the DSi fluxes at the mouth of the estuary and of the net DSi uptake or release within the estuary
The classical ''Apparent Zero End-member'' method has been widely used to track DSi uptake and/or release in an estuary and to estimate the residual DSi flux at the mouth. However, it leads to large errors in estuaries with long water residence times, such as the Scheldt, where a steady-state cannot be assumed (Regnier et al. 1998 ). Thus, the uptake (and/or release) of DSi within the Scheldt estuary was evaluated by comparing measured DSi concentrations with those that would have been observed if DSi behaved conservatively between the two end-members. The conservative mixing of DSi as well as the salinity profiles were simulated using the 1D CONTRASTE model, which has been extensively described in Regnier et al. (1998) and Vanderborght et al. (2002) . This is a hydrodynamic transport model that fully describes tidal and transient phenomena (the time-step is set to 150 s). Although the hydrodynamics are resolved for the entire Scheldt tidal system, the transport of solutes is only described for the estuary (i.e., from the confluence with the Rupel to Vlissingen, Fig. 1 ). It includes algorithms describing dispersive and advective mixing processes. Implementation of reactive equations is also possible, but this functionality was not used in this study as the goal was to simulate conservative transport.
The dispersion coefficient (K in Regnier et al. 1998 ) was recalibrated using our own salinity data as measured at known locations and times (linear correlation between measured and simulated salinities: r 2 = 0.986, n = 100, average of the absolute differences: 0.88). The daily upstream and downstream boundary conditions used for our simulations (solid lines in Fig. 2 ) were estimated by the daily interpolation between measured concentrations, which were occasionally averaged if several measurements were performed during the same day. These concentrations (and salinity data) were retrieved from several databases (see ''Acknowledgments'' section for details).
For the freshwater end-member, salinity was set as 0.5 and DSi concentrations were estimated based on measurements performed in the vicinity of the confluence with the Rupel (''OMES UA'' and ''OMES ULB Maris et al. 2007; ''SISCO'', Carbonnel et al. 2009 ; ''this study'') or at Antwerp when the salinity was below 2 (''Ste Anna'', unpublished results; ''this study'') ( Fig. 2b) . At the mouth of the estuary, DSi and salinity data were taken from the Waterbase database (www.waterbase.nl, accessed on 02/02/2007) or were measured in the frame of the present study, and only measurements performed at high tide were considered ( Fig. 2c, d ). In the transport model, instantaneous DSi fluxes are defined as the sum of instantaneous advective and dispersive fluxes, which, at km 2 (boundary between cell 1 and cell 2, the first two cells in the estuary from the mouth of the estuary), are respectively calculated as: and DSi mod 1À2 , the instantaneous modeled DSi concentrations in, respectively, cell 1, cell 2 and at the boundary between cells 1 and 2; watflux mod 1À2 , the modeled water flux at the boundary between cells 1 and 2; K 1À2 , the dispersion coefficient at the boundary between cells 1 and 2 (calibrated with salinity data, here 100 m 2 s -1 , see above); section mod 1À2 , the modeled instantaneous cross-section at the boundary between cells 1 and 2; and Dx, the cell length (here 2 km).
The instantaneous ''non-conservative'' (hereafter so called ''calculated'') DSi concentrations in cell 1, cell 2 and at the boundary between cells 1 and 2 (respectively DSi and DSi calc 1À2 ) were deduced from the respective modeled salinities and using the fifth order polynomial fits of the DSi versus salinity profiles obtained during each campaign (see further). It was assumed that the shape of the measured DSi versus salinity profiles did not significantly vary over a sampling campaign at the mouth of the estuary. Instantaneous non-conservative (''calculated'') advective and dispersive fluxes were obtained by replacing modeled DSi concentrations with the ''calculated'' ones in Eqs. 3 and 4:
The calculated total DSi flux was obtained as the sum of advflux calc 1À2 and dispflux calc 1À2 . Modeled and calculated DSi fluxes were processed using a low-pass ideal filter with a cut-off frequency of 0.5 day -1 to remove the effects of tidal oscillations: the time-series were Fourier transformed, the frequencies higher than 0.5 day -1 were set to zero and the series were inverse-Fourier transformed. The cut-off frequency was chosen to remove the main tidal oscillation characterized by the M2 harmonic (0.52 day
). The spring-neap oscillations were consequently not suppressed. Filtered modeled and calculated fluxes were averaged over the duration of each sampling campaign in the estuary and their differences provided estimates of the net DSi uptake or release in the estuary during each campaign. These consumption or release rates should nevertheless not be regarded as instantaneous rates, but rather as estimates of the integrated DSi uptake or release that underwent a parcel of water transported and mixed with adjacent parcels along the estuary.
Results
DSi concentrations
Measured DSi concentrations along the estuary and in the coastal zone At the freshwater end-member, DSi concentrations were around 200-250 lmol L -1 from late autumn to early spring, but decreased to below 50 lmol L -1 from late spring to early autumn (Fig. 3) . At the seawater end-member, DSi concentrations varied from a few lmol L -1 to about 50 lmol L -1 : lowest concentrations were observed in late spring and summer, but DSi concentrations increased already from early autumn onwards. In the estuary, measured DSi concentrations always decreased from the freshwater to the seawater end-members (except for one sampling campaign: June-July 2003, Fig. 3 ), displaying generally concave or convex DSi versus salinity profiles. DSi concentrations were lowest during the summer but they never fell below 10 lmol L -1 , except for the most seaward part of the estuary in spring and early summer (Figs. 2c, 3) . DSi concentrations in the coastal zone also decreased with increasing salinity and were in general in continuation of those in the estuary from late autumn to early spring (Fig. 3) . In July 2004 and 2005 and in October 2005 however, DSi concentrations at the lowest salinities in the coastal zone reached values higher than those observed in the most seaward part of the estuary.
Modeled conservative DSi profiles
The instantaneous modeled DSi versus salinity profiles obtained by simulation of conservative transport The disparities observed during the latter campaigns were due to changing DSi concentrations in the freshwater endmember over the sampling campaign (Fig. 2b) . Conservative DSi versus salinity profiles were generally strongly convex in spring and summer, but concave in winter (Fig. 3) , highlighting the importance of transient phenomena and the irrelevance of the ''Apparent Zero End-member'' method in the case of the Scheldt. They only approached a straight line in end winter and early spring (campaigns of February 2004 and March 2003, Fig. 3) . During these periods, DSi consumption in the tidal river had not yet started and the DSi profile in the estuary could have re-equilibrated after 3 months of (nearly) constant DSi concentrations at the freshwater end-member (Fig. 2b) .
Comparison between the measured profiles and the modeled conservative ones
The seasonal evolution of the differences between the measured and the modeled DSi profiles, which indicated DSi uptake or release, was found to be similar in 2003, 2004 and 2005 . Four periods could be observed as illustrated by the four groups of graphs in Fig. 3 . In spring (April-May), modeled DSi concentrations were higher than the measured ones, indicating a net consumption of DSi within the estuary. Largest differences were observed in the lower part of the estuary. Net DSi consumption persisted in early summer (July) but, in contrast to spring, DSi was also significantly consumed in the upper part of the estuary. In late summer and early autumn however (September-October), modeled DSi profiles fell below the measured ones, indicating a net release of DSi within the estuary. In winter (November-March), the measured DSi profile differed generally by less than 10 % from the modeled ones (except however at salinities 5-10 in February and November-December 2004 where differences could reach 15 %), suggesting a rather conservative behavior of DSi in the estuary.
DSi fluxes
Except for the first 2 months of 2003 (but no sampling campaign was performed during this period), conservative DSi fluxes at the mouth of the estuary displayed comparable patterns for , 2004 due to similar freshwater discharge and DSi concentrations at the end-members (Fig. 2a) . As DSi versus salinity profiles showed in addition that the seasonal DSi behavior was similar from one year to another, the ''calculated'' fluxes from all 11 campaigns were represented on a 1-year scale to highlight the seasonal dynamics (Fig. 4) . This would represent a typical pattern for dry years such as 2004 and 2005 (and 2003 if the two first months are excluded, Fig. 4 ). This approach is also supported by the fact that the modeled and calculated fluxes, as well as their differences, exhibited regular patterns on the 1-year scale (Fig. 4) . The difference between modeled and calculated fluxes was negative from early spring to early summer indicating a net DSi uptake, which was maximum in May (corresponding to the most negative value of -1940 kmol day -1 ) but quickly decreased in July (Fig. 4) . Positive differences from late summer to late autumn indicated a net DSi release (Fig. 4) . These findings were in accordance with the conclusions drawn from the DSi profiles along the estuary (Fig. 3) . A negative difference was nevertheless observed in February although no DSi consumption was expected during this period of the year.
Distribution of the particulate matter along the salinity gradient
SPM and BSi
The SPM concentrations in our samples exhibited high temporal and spatial variations ( . No simple seasonal pattern could be observed in our data for this zone (Fig. 5) . Downstream (zone of salinity 10-30), the average SPM concentrations were in general lower (ranging from 10 to 60 mg L -1
) and exhibited still a high longitudinal variability. They tended to display a seasonal pattern, with highest concentrations in winter and early spring and lowest ones in late summer (Fig. 5) . There was also generally a local maximum in SPM concentrations further downstream, at the marine stations closest to the coast and/or to the mouth of the estuary.
The longitudinal profiles of BSi concentrations followed those of SPM concentrations and displayed similar high temporal and spatial variations (Fig. 5) . Concentrations exceeding 100 lmol L -1 were recorded in July 2005 and September 2004 at the most inland sampling station (near the confluence with the Rupel). Average BSi concentrations in the zone of salinity 0-10 ranged from about 12 to 81 lmol L -1 and, as for SPM, they did not exhibit any simple seasonal pattern. Downstream, BSi concentrations were in general lower (except in February 2004 , and possibly in May 2004 . Average BSi concentrations in the zone of salinity 10-30 ranged from 7 to 27 lmol L -1 and were highest in spring and lowest in late summer. A local maximum in BSi concentrations was also recurrently observed at the marine stations closest to the coast and/or to the mouth of the estuary.
Temporal and longitudinal patterns were better revealed when considering the BSi content in the SPM (expressed as hydrated SiO 2 , see ''Materials and methods'' section) (Fig. 5) . Highest values (8-10 %) were found in the less saline part (below salinity 5) in summer (except June-July 2003), early autumn and to a smaller extent in mid and late spring (May). The zone of salinity 5-10 appeared to host a local minimum in all seasons, but, in winter and early spring, BSi contents in the zone of salinity 0-5 were identical to those in the zone of salinity 5-10. Elsewhere in the estuary, the BSi content rarely dropped below 2.5 %. In the zone of salinity 10-30, the BSi content increased progressively to reach values ranging from 4 to 6 % near the mouth of the estuary, and it was always higher at coastal stations than in the estuary. In May 2004, however, a maximum with contents reaching 10 % was observed in the zone of salinity 20-30. Overall, the BSi content ranged from 2.9 to 5.4 % for the various field campaigns when averaged over the entire salinity gradient. The annual average BSi content decreased from about 5.6 % at the freshwater end-member to 3.2 % in the zone of salinity 5-10, and increased again to values ranging from 4 to 5 % at salinities higher than 15 (not shown). The annual average over the entire estuary amounted to 4.3 %.
Chla and DiatChla
Chla and DiatChla always exhibited the highest concentrations in the low salinity part of the estuary and their concentrations were highest in summer reaching 70 and 50 lg L -1 respectively for Chla and DiatChla in mid July and September (Fig. 6) . Both Chla and DiatChla decreased with increasing salinity, and dropped to below 5 lg L Apart in September and November-December 2004 when the contribution of the diatoms to the total Chla was negligible above salinity 5, diatoms (and/or possibly Phaeocystis sp. in the most seaward part of the estuary in April and May, see ''Materials and methods'' section) were the dominant species in the estuary and represented between 50 and 90 % of the phytoplankton biomass (Fig. 6) . Their contribution to Chla concentrations was highest at the mouth of the estuary and, to a lesser extent, at the most upstream stations, while minimum contributions were observed in the zone of salinity 5-15. Also, diatoms accounted occasionally for less than half of the phytoplankton biomass in the zone of salinity 0-15 in all spring campaigns and in July 2005 (Fig. 6 ), but were not the dominant species in the zone of salinity 5-10 in May 2004 and April 2005 only (data not shown). Chlorophytes were the most important species after diatoms (and/or Phaeocystis sp.) and often dominated or codominated in the zone of salinity 5-15 (data not shown). Other phytoplankton species were also observed but they dominated the phytoplankton biomass only occasionally, principally when the diatom biomass was low. Dinophytes dominated at salinities higher than 10 in September 2004, euglenophytes at salinities higher than 15-20 in November-December 2004 and July 2005, cryptophytes around salinity 5 in April 2005 but the cyanobacteria biomass was always minor (data not shown).
In the coastal zone, Chla and DiatChla concentrations were in general similar to those observed in the downstream part of the estuary (Fig. 6) . Nevertheless, they were about three to five times higher than those observed in the most saline part of the estuary in 
BSi associated with living diatoms in the estuary
Non-linear multiple regression model SPM nbld (Eq. 1) contributed in average to 94 ±3 % (±SD) of the SPM for the entire estuarine dataset. Multicolinearity was avoided as the explicative variables DiatChla and SPM nbld were not correlated in the estuary: r 2 = 0.00, n = 73 and r 2 = 0.01, n = 103 for datasets corresponding to salinities 0-13 and 7-30, respectively (with the two highest BSi concentration values discarded, see further, and DiatChla concentrations in February 2004 assumed to be 0). However, if the multiple regression models were kept linear (similarly to that used for the tidal river, Carbonnel et al. 2009 ), the residuals would appear to be linked to SPM nbld . BSi det (calculated as BSi minus BSi liv ) versus SPM nbld would exhibit a ''power'' relationship with an exponent significantly lower than one (not shown). The multiple regression model applied to the estuarine sub-datasets was thus empirically formulated as non-linear (Eq. 2).
Fitted coefficients and outliers
The coefficients k 1 , k 0 2 and c (Eq. 2) were respectively fitted to 0.86 ± 0.17 lmol lg -1 (±95 % confidence interval), 2.12 ± 0.13 lmol mg -c L c-1 and 0.621 ± 0.085 for data corresponding to salinities 0-13, and 0.45 ± 0.21 lmol lg and 0.638 ± 0.047 for salinities 7-30. The correlation coefficients r 2 between measured BSi concentrations and those estimated by the multiple regressions were 0.82 (n = 73) and 0.89 (n = 103) for both sub-datasets, respectively. The variations in the measured BSi concentrations were thus well captured by the multiple regression model, except however for the discarded sampling points at the freshwater end-member in September 2004 and July 2005. For these two samples, the BSi concentrations recalculated with Eq. 2 and the above coefficients, or with the partial coefficients for DiatChla and SPM nbld obtained with the linear multiple regression for the tidal river (respectively 0.67 lmol lg , Carbonnel et al. 2009 ), provided similar concentrations, about two times lower than the actual measured BSi concentrations. The reason why these two particular samples did not fit to these regression schemes is unknown. For the range of the SPM nbld concentrations in the sub-datasets, the BSi det content in SPM nbld ranged from about 2-5 % in the upper part of the estuary and from about 2-8 % in the lower part of the estuary, with BSi det contents decreasing with increasing SPM nbld concentrations.
Longitudinal distribution of BSi liv and BSi det
BSi was predominantly in the form of BSi det in the estuary (Fig. 7 , which also shows the maximum contribution of phytoliths to the BSi pool, see ''Discussion'' section). This indicates that the high temporal and longitudinal variability in the BSi concentrations can be ascribed more to the variability of the SPM rather than to that of the living diatoms. Lowest BSi liv contributions were generally found in the zone of salinity 5-15, where the lowest DiatChla concentrations were also observed (Figs. 6, 7) . Despite interannual variations, contributions of BSi liv in the freshwater part of the estuary were negligible in winter, increased to 20-30 % in spring and reached the highest values in July-October (from about 20-70 %) (Fig. 7) . In the lower estuary, BSi liv contributions greater than 10 % (and locally reaching 70 %) could only be observed in May and July (Fig. 7) .
When averaged over 1 year, the BSi liv content ranged from 2 % at the freshwater end-member to 0.1 % around salinity 10, and from 0.5 to 0.7 % at salinities higher than 20, while the BSi det content varied from 3 to 4.4 % along the entire estuary (data not shown). Most of the longitudinal variations of the annual average BSi content in the SPM were due to that of the BSi liv . The annual average BSi liv contribution to BSi was highest at the freshwater end-member (35 %) but quickly decreased to 4 % around salinity 10, and increased again to values ranging from 10 to 17 % at salinities higher than 20.
Discussion
Comparison of our measured data to those reported in previous studies
The DSi concentrations we report for both end-members (Fig. 3) agreed with others measured at the same period and in the same area (Fig. 2b, c) , which also display a notably good correspondence despite being retrieved from several different databases (Fig. 2b) . The concentrations at the freshwater end-member concurred with those reported for previous dry years ( Van Damme et al. 2005) . At the seawater end-member, the same range in DSi concentrations was reported as well by Van Damme et al. (2005) , and the seasonal evolution followed the same trend as that observed in the coastal zone (Van der Zee and Chou 2005) .
The Chla concentrations (Fig. 6 ) were in agreement with those reported for the 1990s and onwards (Kromkamp and Peene 2005; Van Damme et al. 2005; Soetaert et al. 2006) . Spring blooms at salinities higher than 15 were as well mentioned (Boschker et al. 2005; Van Damme et al. 2005) . Overall, the phytoplankton speciation observed in the present study ( Fig. 6 ; see ''Results'' section) was also in accordance with previous investigations in the estuary (see ''Materials and methods'' section) as well as in the coastal zone (Muylaert et al. 2006) .
The highest SPM concentrations measured during some sampling campaigns in the zone of salinity 0-10 ( Fig. 5 ) were in accordance with the presence of a turbidity maximum in the upper part of the estuary (Chen et al. 2005) . But low SPM concentrations could also be observed in this zone (Fig. 5) . This may be explained by settling and resuspension processes driven by tides and freshets, which result in high short-term variations in the SPM concentrations by a factor of 5 within the tidal cycle (Fettweis et al. 1998; Chen et al. 2005) . Also, our samples were taken with a low frequency and irrespective of the tide phase, and this under-sampling presumably masked the longer term variations induced by neap-spring tides and seasonal variations in the freshwater discharge in this zone (Fettweis et al. 1998; Chen et al. 2005) . Seasonal variations could nevertheless be seen in brackish zone as SPM concentrations do not display there any significant variability within a tidal cycle (Chen et al. 2005) .
Characterization of the BSi
Distinction between BSi liv and BSi det
BSi liv and BSi det was distinguished using a multiple regression between BSi and the explicative variables significantly different from 1. This suggests that BSi det and SPM nbld dynamics may actually not be fully coupled. c coefficients lower than 1 indicate that, at high SPM nbld concentrations, the ratios between BSi det and SPM nbld decrease with increasing SPM nbld . As the highest SPM concentrations, which were encountered in the zone of maximum of turbidity, are associated with resuspension events, it can be hypothesized that SPM nbld is preferentially resuspended with respect to BSi det in this zone. Despite similar k 0 2 and c coefficients, BSi liv /DiatChla ratios (or k 1 coefficients) were significantly different for both sub-datasets (t test for equality: p = 0.013). Furthermore, the BSi liv /DiatChla ratio in the upper part of the estuary was not significantly different from that in the tidal river (BSi liv /DiatChla in the tidal river: 0.67 ± 0.11, n = 75, Carbonnel et al. 2009 ; t test for equality: p = 0.559) and the one in the lower estuary was comparable to that in the coastal zone (linear multiple regression in the coastal zone: BSi liv /DiatChla = 0.52 ± 0.29, n = 47, r 2 = 0.83; t test for equality: p = 0.697). Using the b conversion factors (Eq. 1), the BSi liv /DiatChla ratios corresponded to Si/C molar ratios in living diatoms of 0.34 ± 0.07 and 0.18 ± 0.08 for the upper and lower part of the estuary, respectively. The former ratio falls in the range of that measured in C. meneghiniana cultures (Sicko-Goad et al. 1984; Carbonnel 2009 ) and the latter agrees with that generally observed in marine diatoms (Conley and Kilham 1989) . Overall, all these observations supported the division of the estuarine dataset in these two sub-datasets, and suggested that diatoms in the upper part of the estuary were significantly more silicified than those in the lower part. This observation is in agreement with the different origins of the diatoms and concurs with the fact that freshwater diatoms are generally more silicified than marine ones (Conley and Kilham 1989) .
The distinction between BSi liv and BSi det relies on the fact that DiatChla can be considered as a good indicator for the living diatom biomass (Lionard et al. 2008a ). However, Phaeocystis sp., which can be transported from the coastal zone bloom (in April and/ or May) to the estuary (Brochard et al. 2005; Dijkman and Kromkamp 2006a) , also contain the three marker pigments we used for diatoms. They are usually distinguished by 19 0 -hexanoyloxyfucoxanthin, but the strains found in the Belgian coastal zone do not contain this pigment (Antajan et al. 2004) . As well, the chlorophyll c 3 can be used as a specific marker pigment for the Phaeocystis sp. (Muylaert et al. 2006) , but the elution method that was applied in this study could not separate this pigment. At first sight, one may thus expect Phaeocystis sp. to have possibly contributed significantly to our estimated DiatChla concentrations during this 2-month period. But Phaeocystis sp. blooms are characterized by high and narrow peaks in Chla concentrations (Lancelot 1995; Rousseau et al. 2002; Van der Zee and Chou 2005; Muylaert et al. 2006 ), which were not observed in our samples in the coastal zone (Fig. 6) . So it can be assumed that we did not sample during a Phaeocystis sp. bloom. In addition, the presence of important amounts of Phaeocystis sp. would have resulted in large discrepancies between the measured BSi concentrations and those estimated by the multiple regression (BŜi in Eq. 2). But differences in the lower part of the estuary as well as in the coastal zone were not particularly higher in April and May than during the other campaigns. Overall, the possible presence of Phaeocystis sp. in the estuary is thus not expected to have significantly contributed to the DiatChla concentrations during our sampling campaigns. They should thus not have exerted an overall strong effect on the depiction of our measured BSi concentrations by the multiple regression model. Admittedly, our methodology implies that the BSi liv /DiatChla ratios on both datasets are forced to be kept constant, which cannot be held true at the cellular level in diatoms as they are known to adapt silica and/or Chla contents depending on nutrient availability, temperature and light conditions (Geider 1987; Ragueneau et al. 2000; Martin-Jézéquel et al. 2000) . But, as for the study in the tidal river ), our intention was to estimate average ratios prevailing at annual and system scales, where the variations of the measured BSi concentrations were expected to depend more on the presence of detrital BSi than on the variation of the Chla and BSi contents in diatoms. This assumption was indeed confirmed by the importance of the BSi det fraction. The use of the multiple regression model at those scales was also supported by the fact that variations in BSi concentrations were well reproduced (r 2 = 0.88, n = 146).
Due to the presence of high amount of nonphytoplankton organic matter in the Scheldt estuary (Abril et al. 2002) , the b POC=Chla and b OM=POC ratios (Eq. 1) were taken from the literature and fixed as those in the tidal river for the sake of continuity ). However, the first ratio can particularly display high variability (Geider 1987 ): on average, from 10 in winter to 50 in summer for diatoms in the nearby English Channel (Llewellyn et al. 2005) . Nevertheless, as in the tidal river, the use of different ratios would have only a limited impact on our results and conclusions. Calculations were performed with products b POC=Chla Á b OM=POC (Eq. 1) ranging from values three times lower to three times higher than the value of b POC=Chla used in this study. This would correspond to b POC=Chla varying from 10 to 90 if b OM=POC remains unchanged. The coefficient k 1 (Eq. 2) displayed the greatest changes (up to ?5.6 % for salinities 0-13, and up to ?14 % for salinities 7-30), but the overall value varied little compared to the variation of b POC=Chla Á b OM=POC . The coefficients k 0 2 and c (Eq. 2) were only altered by less than 1 and 0.5 %, respectively, for both zones.
Finally, the concentrations of BSi liv presented here compared well to that of BSi corresponding to growing diatoms provided by time-course 32 Si incorporation experiments performed in April, May and July 2005 at selected stations along the entire salinity gradient (not shown ; Carbonnel 2009 ). Considering the fact that the two methods were completely different, these similarities, especially when they were both compared to the total amount of BSi, supported our estimations of the BSi liv concentrations in the estuary.
Potential contribution of phytolith to the BSi pool
The Scheldt estuary carries large quantities of terrestrial material (Abril et al. 2002) , which may contain important amounts of BSi particles formed by higher plants (phytoliths) (Cary et al. 2005) . It is also linked to 24 km 2 of marshes , in which reeds, producing high amounts of phytoliths , are a major constituent of the vegetation (Soetaert et al. 2004) . Reed phytoliths may end up in the water of the Scheldt after the plant decay, as the reed aboveground biomass is entirely deposited as litter on an annual timescale (Soetaert et al. 2004 ). However, marshes along the Scheldt do not appear to act as a source but rather as depositional sites for the SPM of the Scheldt (Van Maldegem et al. 1993; Temmerman et al. 2003) . Thus, although a BSi exchange is possible between the marsh and the channel at each tidal cycle, a net import of BSi to the marsh is always expected, as for marshes along the tidal river .
Maximum phytolith BSi concentrations in the Scheldt estuary were furthermore estimated using the same procedure as in the tidal river ): the same highest Si/C molar ratio of 0.05 was applied Struyf et al. 2005) and it was assumed that phytoliths associate with POC from soil and vegetation (23 % of the non-phytoplankton POC, Abril et al. 2002) . Highest maximum phytolith contributions to the BSi were predicted at the uppermost freshwater stations in March 2003 and February 2004 (31 %, Fig. 7) due to low BSi contents (1 %, Fig. 5 ), but apart from these samples, the contribution of phytolith was never higher than 20 % and generally below 10 %. This suggests that phytoliths may indeed not account for a major part of the BSi det (and a fortiori of the BSi) in the Scheldt, although visual inspections of the particulate matter should be carried out for confirmation.
Temporal and longitudinal dynamics of silica and diatoms
Intrusion of marine diatoms in spring
DSi profiles along the salinity gradient indicated that DSi consumption in the estuary started in spring while DSi concentrations at the freshwater end-member were still high (April-May, Fig. 3 ). This implied that the estuarine consumption could not be ascribed to the advection into the estuary of a diatom bloom of a freshwater origin but rather to a bloom of local or marine origin. This is in accordance with the fact that the diatom community at salinities higher than 5-10 differed from that at the freshwater end-member (see ''Materials and methods'' section). Soetaert et al. (1994) estimated that most of the phytoplankton biomass in the downstream part of the estuary was produced in situ. However, phytoplankton studies (Dijkman and Kromkamp 2006b; Muylaert et al. 2009 ) revealed not only the presence of truly estuarine species (such as Odontella sp. and R. amphiceros), but also important amounts of diatoms possibly originating from the coastal zone as they are typical components of the marine diatom communities (such as Rhizosolenia sp., S. costatum and Chaetoceros sp.; Rousseau et al. 2002; Muylaert et al. 2006; Muylaert et al. 2009 ). Following the spring bloom in the coastal zone, marine diatoms may enter the estuary due to tidal mixing and further develop there due to the availability of nutrients, which were otherwise depleted in the coastal zone Arndt et al. 2011 ). This concurs with our observations in May-June: highest estuarine DiatChla concentrations at salinities higher than 10, possibly higher in the estuary than in the coastal zone (Fig. 6) , and a high DSi consumption in the most seaward part of the estuary while DSi concentrations are at potentially limiting levels in the coastal zone (Fig. 3) . The highest overall estuarine DSi consumption in May-June (Fig. 4 ) also highlights the importance of the intrusion of marine diatoms for the estuarine DSi dynamics. This hypothesis is confirmed by the fact that the high spring DSi consumption could be simulated in modeling studies only when the intrusion of marine diatoms was allowed by extending the estuarine model domain to the coastal zone (Arndt et al. 2009 (Arndt et al. , 2011 .
The DSi uptake in May-June (1,000-2,000 kmolday -1 ) revealed in the simulations of Arndt et al. (2011) and its decrease from July onwards were in relatively good agreement with our observations. But both the timing and the extent of this spring DSi uptake peak (about 4,500 kmol day -1 in March, Arndt et al. 2011) differed from the present study. The reasons for these discrepancies are unknown. The simulations were not based on data from the same year as ours (1995 ( for Arndt et al. 2011 . However, measurements of the annual gross primary production performed during different years yielded similar results (Kromkamp and Peene 2005; Gazeau et al. 2005) , suggesting that the DSi consumption in the estuary should not vary strongly from one year to another.
Phytoplankton mortality in the upper estuary
The summer was characterized by a diatom bloom and a consumption of the DSi in the tidal river (i.e., upstream the estuary; Carbonnel et al. 2009 ). Large amounts of living diatoms originating from this diatom bloom were transported to the estuary (Fig. 6) . They contributed significantly to the highest BSi concentrations, which were observed in the upstream stations in summer and early autumn (Figs. 5, 7) . Also, some DSi consumption could be notably observed in the upstream part of the estuary during the early summer (Fig. 3) . But these high diatom concentrations quickly dropped in the zone of salinity 0-10 (Fig. 6) .
This mortality could not be attributed to salinity stress only (Lionard et al. 2005) . The diatom species blooming in the tidal river (C. meneghiniana) and replaced by brackish or marine species from salinity 5 onwards (Rijstenbil et al. 1993; Muylaert et al. 2000) , even exhibits a good tolerance for salinity with a growth optimum at salinity about 18 .
One explanation may be a light-limitation of the phytoplankton growth in this zone (Soetaert et al. 1994; Lionard et al. 2005) . The water is deeper and more turbid in the upstream part of the brackish estuary than in the tidal river (Lionard et al. 2005; Chen et al. 2005) and the residence time of the phytoplankton in this zone may furthermore increase due to the same hydrodynamic processes that lead to the formation of the observed turbidity maximum (Chen et al. 2005) .
Grazing may also contribute to the large decline of the phytoplankton biomass in the upper part of the estuary during summer and autumn. In the tidal river, rotifers are the dominating zooplankton community . They cannot control the phytoplankton community in these freshwater reaches as shown by the high phytoplankton biomass regularly observed (Muylaert et al. 2000; Lionard 2006; Lionard et al. 2008b) . But the calanoid copepod Eurytemora affinis, which dominates the copepod community in terms of biomass in the Scheldt estuary (Soetaert and Van Rijswijk 1993) , can now be observed up to salinities 0-5 (Appeltans et al. 2003) . This copepod reaches its maximum abundance in early spring and is followed by the copepod Arcatia tonsa in summer and early autumn (Soetaert and Van Rijswijk 1993) . The phytoplankton dynamics in the rest of the estuary suggest that copepods are indeed able to significantly reduce the phytoplankton biomass in the Scheldt estuary (see further).
Phytoplankton mortality in the middle and lower estuary during summer DiatChla concentrations in summer remained at low levels at salinities higher than 10 despite the diatom bloom in this zone in spring and the presence of important amounts of living diatoms in the upper estuary in summer (Fig. 6) . The overall DSi uptake in the estuary also dropped from July onwards (Fig. 4) . The reason could not be nutrient limitation as the summer DSi concentrations along the estuary did not reach limiting levels (Fig. 3) and as the other nutrients were still available ( Van der Zee et al. 2007 ). Also, the light climate was comparable at least in May and in July (IRMB 2003 (IRMB -2005 .
Ecosystem model simulations suggest however that the phytoplankton biomass in the Scheldt estuary is controlled by grazing by the copepod-dominated zooplankton community (Soetaert and Van Rijswijk 1993; Soetaert et al. 1994) . Downstream of salinity 15, the copepod biomass remained low in spring, allowing diatoms to bloom in spring, but a high biomass of copepods originating from the coastal zone was observed in summer and autumn (Soetaert and Van Rijswijk 1993) . The control of phytoplankton biomass by zooplankton grazing in summer is also supported by the fact that the living diatom community in July 2005 did not appear to be senescent. Specific DSi uptake rates obtained by performing the time-course 32 Si incorporation experiments (under the same constant light conditions at selected stations along the entire salinity gradient) were comparable in April, May and July 2005 (Carbonnel 2009 ). As a result, the physiological status of the diatoms in July 2005 could be expected to be similar to that in May 2005, which was observed to be healthy by Dijkman and Kromkamp (2006b) .
Contrary to the import of marine diatoms in spring, the import of marine copepods leads to a limitation of the estuarine DSi consumption in summer. These two opposing effects in terms of silica dynamics further highlight the multivariate and complex influence of the coastal zone on the functioning of the estuary, and thus the importance of the dynamic coupling between the two ecosystems.
Net DSi release in late summer
In late summer and early autumn, while DSi was still consumed in the tidal river ; Fig. 3 ), a net release of this nutrient was observed within the estuary (Figs. 3, 4 ). Significant BSi dissolution was not expected in the tidal river ), but this process may be important in the estuary due to the enhanced BSi dissolution rates in saline waters Loucaides et al. 2008) . In addition, dissolution should occur predominantly immediately after the diatom bloom. BSi dissolution is enhanced when temperature increases (i.e., in summer), but it is reduced when the material gets older (due to reverse weathering processes such as incorporation of aluminium or rapid formation of authigenic clay minerals on BSi surface; Dixit et al. 2001; Gallinari et al. 2002; Michalopoulos and Aller 2004) . Finally, the apparent BSi solubility may be as low as 200 lmol L -1 in the presence of large amounts of lithogenic material (Dixit et al. 2001; Gallinari et al. 2002) . Thus, BSi dissolution in the Scheldt may be enhanced in spring and summer when DSi concentrations are lower. Similarly, Anderson (1986) only observed BSi dissolution in the saline part of the Chesapeake Bay estuaries and only from April to October.
In the Scheldt, although a net DSi release could only be observed in late summer while DSi uptake by diatoms dropped due to the grazing pressure, some BSi dissolution may have occurred already in spring and early summer, as simulated by Arndt et al. (2011) . The BSi dissolution of 500 kmol day -1 estimated by these authors agrees well with our net DSi release of about 400 kmol day -1 in September and NovemberDecember 2004 (Fig. 4) , which could be attributed to BSi dissolution only, as practically no diatoms were observed in the estuary (Fig. 6) . Arndt et al. (2009 Arndt et al. ( , 2011 simulated nevertheless an overall net DSi consumption in summer and autumn, but this may be due to the fact that these authors did not implement the summer zooplankton control on the estuarine phytoplankton dynamics in their model simulations.
DSi supply to the coastal zone
Unlike the DSi uptake occurring in summer in the tidal river ), the spring DSi consumption in the estuary is expected to have had a significant effect on the DSi availability in the coastal zone as it took place concomitantly with the coastal phytoplankton bloom. Also, due to the relatively long residence time of the water in the estuary, high winter riverine DSi fluxes are of major importance as they reach the coastal zone just before and/or at the onset of the coastal diatom bloom in April. As winter riverine DSi concentrations are nearly constant ( Fig. 2b ; Carbonnel et al. 2009 ), the variation of these fluxes is actually driven by the highly variable discharge pattern (Fig. 2a) . However, the extent of the Phaeocystis sp. bloom in the coastal zone is more influenced by the Si/N ratio than by the amount of available DSi (Lancelot 1995) . Model simulations showed that the ratio between DSi and dissolved nitrogen fluxes at the mouth of the estuary in early spring is fairly constant and thus independent of the discharge (Arndt 2008) .
In summer and autumn, DSi in the coastal zone reached higher concentrations than those observed in the lower part of the estuary (Fig. 3) , suggesting the existence of another source of DSi in the coastal zone in addition to the DSi supplied by the Scheldt. Lacroix et al. (2004) stipulated from a model simulation that the salinity decrease in the Belgian coastal zone, compared to offshore waters, is primarily due to the mixing with the freshwater discharged by the Rhine/Meuse system. However, when comparing freshwater nutrient concentrations of the Scheldt and the Rhine with those measured in the coastal zone, Van der Zee and Chou (2005) concluded that the freshwater fraction in the Belgian coastal water was predominantly originating from the Scheldt. Other possible sources of DSi to the coastal zone may be the efficient BSi dissolution in the sandy coastal sediments of the deposited diatom frustules that was observed after the diatom spring bloom in the Belgian coastal zone (Ehrenhauss et al. 2004) , or the submarine groundwater discharge (Ragueneau et al. 2006) . This latter source of water is expected to contain high DSi concentrations similar to those measured in groundwater on land (100-400 lmol L 
BSi dynamics
As BSi is an important constituent of the silica pool carried by rivers, it is considered as an overlooked but significant source of silica to the global marine silica cycle (Conley 1997) . When BSi dynamics are linked to the ones of diatoms and DSi, the seasonal evolution of BSi concentrations mirrors that of the DSi, and the production and the transport of BSi indeed counterbalances the DSi drawdown and retention induced by diatom growth (Admiraal et al. 1990; Carbonnel et al. 2009 ). In the Scheldt estuary however, the BSi content in the SPM displayed significantly less longitudinal or seasonal variations than the DSi concentrations. As SPM dynamics are uncoupled to that of the water (Chen et al. 2005) , BSi dynamics are expected to be strongly uncoupled to that of DSi. Although most of the longitudinal variations of the BSi content could be ascribed to that of BSi liv , the major part of the BSi was as BSi det , which displayed rather constant annual average contents along the estuary (Figs. 5, 7; see ''Results'' section). Thus, BSi dynamics in the Scheldt estuary cannot be assessed based on those of diatoms and DSi only. As well, its behavior cannot be expected to mirror that of the DSi, and its transport may thus not result in a counterbalanced effect of that of the DSi retention in the estuary.
The high fractions of BSi det imply that the BSi dynamics at an annual timescale are to a large extent, if not mainly, driven by SPM dynamics. Admittedly, BSi and SPM may also reflect uncoupled behaviors. The c coefficient lower than 1 in the multiple regression model suggested a preferential resuspension of SPM nbld in the zone of maximum turbidity. This process can similarly be described as a preferential settling of BSi det as SPM undergoes almost complete settling and resuspension processes during a tidal cycle in this zone (Fettweis et al. 1998; Chen et al. 2005) . In addition, the lower BSi contents along the estuary than at both end-members (see ''Results'' section) also suggest a preferential settling of BSi within the estuary. This can be explained by the fact that, if BSi and the rest of the SPM were settling concomitantly, higher BSi contents along the estuary than at end-members would be expected as (1) the estuarine diatom bloom constitutes an additional autochthonous source of BSi, (2) the SPM along the estuary consists of a gradual mixture of particles of riverine and marine origins (Verlaan et al. 1998) , and (3) SPM is net imported both at the freshwater and the seawater end-members and net deposited within the estuary (Van Maldegem et al. 1993) . Preferential settling of BSi compared to the rest of SPM was also observed upstream, in the tidal river (i.e., between Dendermonde and Temse, Carbonnel et al. 2009 ). SPM and BSi mass-balances should also be performed in the estuary to quantify the extent of these uncoupled behavior. A BSi mass-balance would in addition provide a deeper understanding of the BSi dynamics, and allow the assessment of its importance in the silica cycle and retention in the Scheldt estuary.
Conclusion
Despite the diversity of estuaries and their role in the transport of dissolved and particulate material from land to the ocean and regardless of the importance of silica for the marine environment, few studies have been devoted to estuarine DSi dynamics and hardly any even considered BSi. This study focused on both DSi and BSi dynamics in the Scheldt estuary and indeed highlighted the necessity to take BSi dynamics into account when investigating the behavior of silica in estuaries. As previously discussed in the literature, BSi may be an important, but overlooked, source of silica to the marine environment, which can counterbalance riverine DSi retention. However, the present work also illustrates that the estuarine BSi can be mainly composed of detrital BSi, and thus that the estuarine BSi dynamics may be significantly uncoupled from those of diatoms and/or DSi.
This study also revealed the importance of the coupling between the biogeochemical and ecological functioning of the lower estuary and that of the adjacent coastal zone. This coupling affected the estuarine silica dynamics in different ways. The intrusion of coastal diatoms induced a high spring DSi consumption in the estuary, while the intrusion of grazers from the coastal zone probably limited the DSi consumption in the lower estuary in summer. In contrast, the ecological functioning of the coastal zone may have been affected by the consumption of DSi in the estuary as well. These findings and their importance for the functioning of the estuary and the adjacent coastal zone differ from the classical consideration of estuaries as one-way filters for dissolved and particulate material of riverine origin only. They also suggest that estuarine mouths are important biologically and biogeochemically active areas and should not be considered as simple boundaries.
